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Abstract 
 
Background: Post-9/11 combat Veterans with a history of Traumatic Brain Injury (TBI) 
and symptoms of Post-Traumatic Stress Disorder (PTSD) endorse more driving difficulty 
and higher levels of anxiety behind the wheel than healthy combat Veterans. This project 
extended prior findings by directly examining the relationship between TBI and PTSD 
symptom severity and simulated driving performance in combat Veterans of Iraq and 
Afghanistan. We specifically focused on the interactive effects of physiological arousal, 
subjective anxiety, attentional resources, and cognitive appraisal on driving 
performance.  
Objectives: We measured simulated driving performance of combat Veterans across 
symptom severity and driving conditions with differing demands. We expected that all 
Veterans would commit more driving errors in a challenging drive condition as compared 
to a baseline drive and that Veterans with more severe symptomatology would 
demonstrate a relatively larger decrease in driving performance across conditions than 
Veteran controls. We further hypothesized that elevated physiological arousal and 
subjective anxiety would contribute to decreased driving performance across groups and 
conditions, and that higher symptomatology would predict higher levels of distress and 
poorer driving performance than Veteran controls. 
Methods: Thirty post-9/11 combat Veterans completed measures of emotional, physical, 
and neuropsychological functioning. Driving performance was measured via established 
simulator variables. Participants drove training and baseline routes, completed cognitive 
testing and anxiety-provoking tasks, then drove a more challenging route that included 
complex situations and auditory stimuli. Cardiac interbeat intervals (IBI) and subjective 
units of distress (SUDS) served as distress variables. Driving performance and distress 
levels were compared across symptom severity and drive conditions. 
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Results: All Veterans committed more driving errors and reported more distress in the 
challenge drive as compared to their own performance in the baseline drive. Drivers with 
higher levels of PTSD performed worse and reported higher anxiety than those without 
PTSD at baseline, and these disparities increased as driving demand increased. 
Increased PTSD severity was associated with 1) more variability in speed management 
and consistency, 2) higher deviation from the mean in amount of time required to 
complete the challenge route, 3) increased heart rate variability, 4) and higher subjective 
anxiety. In addition, drivers with more severe PTSD symptomatology 1) were more likely 
to notice and interpret neutral auditory stimuli as threatening, 2) reported more combat 
exposure, and 3) reported more significant depression and TBI symptomatology than 
those with less severe PTSD. Conclusions: These data provide evidence for a cycle of 
cognitive, emotional, and behavioral learned responses that Veterans adopted while 
deployed to combat and have difficulty disengaging from after returning home.  
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1. Overview  
 Combat Veterans of the recent military conflicts in Iraq and Afghanistan (collectively 
referred to as post-9/11 Veterans) appear to be at higher risk of motor vehicle accidents (MVAs) 
than civilians (Classen, Levy, Meyer, & Bewernitz, 2011). Data suggest that post-9/11 Veterans 
have difficulties readjusting to civilian driving patterns after returning home from deployment 
(Fear et al., 2008; Kuhn, Drescher, Ruzek, & Rosen, 2010); deployment history is associated 
with increased risky driving behavior and MVAs (Zinzow, Brooks, & Stern, 2013); and combat 
exposure may increase risk-taking propensity (Killgore et al., 2008). The smooth resumption of 
civilian driving patterns is complicated by the rapid evolution of military defensive driving 
protocols and the increased frequency of combat trauma specific to roadside environments in 
the post-9/11 era. In addition, this cohort of Veterans shows a high prevalence of both TBI and 
PTSD (Carlson et al., 2011; Cifu et al., 2013; Hoge et al., 2004; Sayer et al., 2010; Tanielian & 
Jaycox, 2008), two disorders associated with driving difficulties in multiple populations (Amick, 
Kraft, & McGlinchey, 2013; Kraft, Amick, Barth, French, & Lew, 2010; Lew, Kraft, Pogoda, & 
Amick, 2011). The overarching purpose of this study was therefore to examine the unique 
contributions of TBI/PTSD symptomatology and combat exposure to Veterans’ driving safety 
following military separation, with the hope of guiding future development of targeted driving 
rehabilitation efforts.  
1.1. Specific objectives 
 Our broad aim was to examine the interaction of anxiety, cognition, and driving 
behaviors in combat Veterans of Iraq and Afghanistan, and specifically to examine differences 
in driving performance across the spectrum of TBI/PTSD symptom severity. Prior literature on 
this topic has focused on comparing Veteran drivers to civilian controls; we chose to compare 
Veterans across symptom severity to better account for the unique cohort effects of post-9/11 
military service.  
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 In the current study, we predicted that 1) all Veterans would commit more driving errors 
in a challenging driving environment as compared to their own baseline driving performance; 2) 
Veterans with more severe symptomatology would commit relatively more errors in the 
challenging condition as compared to those with less severe symptoms; and 3) increased levels 
of physiological arousal and subjective anxiety would partially account for decreased driving 
performance across multiple driving variables. Finally, we aimed to explore the role of additional 
factors known to contribute to decreased driving performance in various neurological 
populations. Neuropsychological test performance, depressive symptomatology, and specific 
combat experiences (e.g., convoy-related IED exposure) were hypothesized to relate to 
decreased driving performance.  
1.2. Clinical utility of this study 
 This study’s driving simulator paradigm was developed and piloted with two goals in 
mind. The primary aim was to extend the literature base on driving difficulties in post-9/11 
Veterans by focusing on the interaction of emotional symptomatology, combat experiences, and 
cognitive abilities. This constellation of factors has remained relatively unexamined in past 
research. A secondary goal was to provide initial data on the need for and efficacy of virtual 
reality-based clinical interventions for driving anxiety.  
2. Background 
2.1. The importance of driving in post-9/11 combat 
 An Army logistician presciently observed during the Somalia conflict in 1993, “Convoys 
are more vulnerable to attack than ground maneuver forces and should be planned and 
executed as a combat operation (Dominique, 2006).” The operational importance of convoys 
and the emphasis placed on convoy protection continued to expand in the ambiguous theatres 
of Iraq and Afghanistan, and driving began to represent a vital combat function in the years 
following 9/11. As opposing forces fought to control supply routes throughout expansive regions, 
roadside ambushes designed to incapacitate and destroy vehicles became common warfare 
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strategy. Post-9/11 servicemembers were specifically trained in tactical driving and may have 
spent much of their deployments traveling in vehicles with a multitude of responsibilities 
including 1) transporting necessary supplies (e.g., potable water; equipment), 2) escorting and 
protecting high-ranking individuals or prisoners, 3) providing mobile security, or 4) route 
clearance. One net effect of these specialized combat operations is a cohort of Veterans for 
whom driving represents an inherently dangerous combat maneuver.  
 American military technology was relatively slow to successfully adapt to roadside 
attacks, and deployed service members struggled with a chronic inability to adequately defend 
convoy routes. In an unclassified interview published by the Army’s Combat Studies Institute 
dated 1 April 2008, MAJ Jay Miseli (commander for 3nd Battalion, 69th Armor, April 2001 – June 
2003) was asked to describe the quality of his predeployment training and responded, “The only 
thing we didn’t cover… were extensive vehicular mounted live-fires for wheeled vehicles… we 
didn’t anticipate an extensive threat to convoys… that was probably the one training deficiency 
we had (2008).” From November 2001 to September 2010, 17% of all Army personnel killed in 
action were conducting ground convoys (Thompson, 2012).  
Death and injury rates improved after the induction of mine-resistant vehicles in 2007, 
but these slower-moving vehicles introduced a new set of driving-related challenges. Veterans 
of the later cohorts often report that they learned to drive slowly and carefully, with the defined 
purposes of IED hunting and route clearance, in comparison to their earlier counterparts who 
typically drove aggressively and offensively. Thus, while many post-9/11 Veterans may consider 
driving a dangerous combat maneuver, anecdotal evidence suggests that their specific 
expectation of roadside threats may differ greatly depending on location and years deployed 
(Whipple, Schultheis, & Robinson, 2016).  
2.1.1. “Battlemind” driver re-training 
 The US Army’s “Battlemind Training” program perhaps best encapsulates post-9/11 
Veterans’ unique experiences returning home after experiencing combat driving (Castro et al., 
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2006; Peterson & Doyle, 2011; WRAIR Land Combat Study Team, 2006). Battlemind was 
developed to help transition Soldiers home from Iraq by explicitly discussing the drastic 
perspective changes they face while resuming civilian life. The Battlemind brochure explains to 
Soldiers that they succeeded in combat zones because they adopted a hypervigilant cognitive 
framework typified by strategies such as targeted aggression, tactical awareness, and emotional 
control. While this cognitive framework is highly adaptive to combat driving survival, it is 
dangerous when carried over to civilian roadside environments. The Battlemind framework 
emphasizes that aggressive driving tactics such as, “driving unpredictably, fast, using rapid lane 
changes, and keeping other vehicles at a distance to avoid IEDs” can lead to “speeding, tickets, 
accidents, and fatalities (WRAIR Land Combat Study Team, 2006, p. 1)” in civilian 
environments. At three months post-deployment, Soldiers who received Battlemind Training 
reported fewer symptoms of PTSD, depression, and anger than those who received the Army’s 
Standard Stress Education Training (Castro et al., 2006), demonstrating the need for driving-
specific post-deployment interventions. 
 The US military gained a newfound appreciation of the importance of supportive 
education throughout all phases of the deployment cycle during the post-9/11 era, and different 
reintegration programs across service branches evolved along with this understanding. 
Battlemind Training was one such outcome, but was Army-specific and distributed after 2006. 
As a result, service-members returning from Iraq and Afghanistan received various levels of 
reintegration education throughout the years (Peterson & Doyle, 2011), and not all returning 
personnel were taught adequate strategies to “unlearn” their combat driver training, nor were 
they strongly encouraged to focus on readapting to civilian patterns. So despite returning to the 
relative safety of home, Veterans often still perceived a benign or low-risk civilian road 
environment (e.g., roadside trash) as threatening, despite an intellectual understanding that the 
feared consequences (e.g., an explosion) are unlikely to occur on an American highway (Stern, 
Prudencio, & Sadler, 2011; Whipple et al., 2016).  
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 Incorporating these data within a broader cognitive-behavioral framework, difficulty 
transitioning from combat to civilian driving may be explained by the continued presence of 
hypervigilant cognitions cued by specific stimuli (e.g., “potholes often hide IEDs and therefore 
driving over potholes is dangerous”). These cognitions can result in emotional (e.g., elevated 
anxiety), physiological, (e.g., increased heart rate) and behavioral (e.g., swerving) responses 
conditioned via combat training and exposure. Conditioned cue-response associations can lead 
to over-reactive or maladaptive driving behaviors, heightened negative emotionality, and even 
driving avoidance, any of which may threaten Veterans’ safety and reintegration efforts. This 
conditioned fear relationship may hold true for combat Veterans regardless of diagnostic status, 
but it appears to be further complicated by the cumulative impairments of TBI and PTSD (Amick 
et al., 2013; Sherrilene Classen, Monahan, Canonizado, & Winter, 2014; Hannold, Classen, 
Winter, Lanford, & Levy, 2013; Lew et al., 2011). 
2.2. TBI and PTSD symptomatology 
 TBI symptom presentation can differ depending on injury (e.g., location, mechanism, 
severity) and demographic variables (e.g., age, premorbid health, socioeconomic status, 
intelligence). Broadly, the TBI literature has examined three populations of survivors (civilian, 
military, athletic) and the reported clinical profiles are heterogeneous, but some broad 
conclusions may be extrapolated. Common symptoms reported after TBI include physical 
complaints (e.g., fatigue, headaches, double or blurred vision, dizziness, vertigo, sensitivity to 
light or sound); cognitive deficits (particularly in attention, concentration, information processing 
speed, memory), and heightened emotionality (e.g., irritability, depression, anxiety) (Bryant & 
Harvey, 1999; Kennedy, Jaffee, Leskin, & Stokes, 2007; Kraft, Amick, Barth, French, & Lew, 
2010).  
 PTSD symptoms are measured across four clusters: intrusion, avoidance, negative 
alterations in cognitions and mood, and alterations in arousal and reactivity (American 
Psychiatric Association, 2013). The arousal/reactivity cluster is particularly influential on driving 
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performance because it encompasses irritable, aggressive, and reckless behavior; 
hypervigilance and exaggerated startle response; concentration problems; and sleep 
disturbance (National Center for PTSD, 2014). Presentation of cognitive dysfunction in PTSD is 
heterogeneous but executive functioning, attentional, and memory deficits are most commonly 
reported (Campbell et al., 2009). It has been theorized that the memory deficits associated with 
PTSD are likely a result of impaired encoding, a process that is heavily influenced by the 
availability of attentional and organizational resources (Danckwerts & Leathem, 2003). Thus, 
attentional impairment (and more specifically, the misallocation of attention) is often 
conceptualized to underlie functional impairment in PTSD.  
2.2.1. Effects of TBI and PTSD on driving performance 
 Both TBI and PTSD have been shown to independently contribute to driving difficulties in 
civilian samples. The majority of literature on driving post-TBI has focused on the relationship 
between cognitive impairment and driving performance, with less attention on the role of 
physical and emotional symptoms. This is sensible given evidence that executive functioning 
deficits are particularly detrimental to driving safety in multiple populations with neurological 
compromise (Brown & Ott, 2004; Schultheis, Garay, & DeLuca, 2001; Stolwyk, Charlton, Triggs, 
Iansek, & Bradshaw, 2006). Inattentive drivers may be highly distractible, slow to recognize 
hazards, and less able to multi-task, while drivers with slowed processing speed may show 
deficits in reaction time and decision-making. Impairments of inhibition, judgment, and insight 
can result in increased risk-taking and reduced awareness of driving errors. These effects may 
also extend well beyond TBI’s post-acute phase. Adult drivers with a lifetime history of TBI have 
significantly higher odds of involvement in aggressive driving, subsequent car crashes, and 
serious MVAs as compared to TBI-negative drivers (Bivona et al., 2012; Ilie et al., 2015), and an 
examination of driving outcomes in individuals ranging from 6-9 years post-brain injury revealed 
that post-TBI crash rates doubled in comparison to healthy controls (Schanke, Rike, Mølmen, & 
Østen, 2008). 
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 PTSD-related cognitive impairments can present similarly behind-the-wheel as TBI-
related impairment, but the clinical sequelae of PTSD differ from TBI in several important ways. 
Individuals with anxiety disorders (e.g., PTSD) have been shown to possess a cognitive 
processing bias in which they perceive neutral stimuli as negatively valenced and selectively 
attend to threatening stimuli (Bryant & Harvey, 1995; Buckley, Blanchard, & Hickling, 2002). 
This processing bias can have consequences on the road where countless stimuli compete for 
attention and drivers must be able to interpret their surrounding environment quickly and 
effectively. PTSD-related attentional biases may be particularly impairing when combined with 
TBI-related executive functioning, processing speed, and visual system deficits. The effect of 
attentional biases on the road may also be exacerbated by the dissociative symptoms of PTSD, 
wherein individuals experience a reduced awareness of their surroundings (Bryant, 2011).  
2.2.2. Emotionality and driving 
 In addition to their cognitive side effects, both TBI and PTSD may present with emotional 
lability, depression, anxiety, apathy, irritability, and anger (Bryant, 2011; Gouick & Gentleman, 
2004). Emotionality impacts both cognitive function and driving safety in numerous populations, 
particularly in terms of processing speed and attention. Sadness has been associated with 
longer reaction times, distorted judgment, and a tendency to self-focus; happiness is linked to 
an assimilative processing style, a broadening of attentional focus, and a shorter reaction time 
(Pêcher, Lemercier, & Cellier, 2009). Driving-related anxiety is associated with increased 
perceived risk, an increase in self-reported near-accidents, and an increase in number of driving 
errors on an on-road assessment (Taylor, Deane, & Podd, 2007); highly anxious individuals 
cause significantly more crashes and engage in more DUI episodes than low or moderately 
anxious individuals (Dula, Adams, Miesner, & Leonard, 2010); and male drivers with high trait 
anxiety report more aggressive and aberrant driving behaviors (Shahar, 2009). Anger is 
associated with increased speeding and near-accident rates (Mesken, Hagenzieker, 
Rothengatter, & de Waard, 2007) and high-anger drivers demonstrate more risky behavior 
8 
 
behind the wheel, more moving violations, and more accidents (Deffenbacher, Petrilli, Lynch, 
Oetting, & Swaim, 2003). Taken together, these data suggest that the emotional lability and 
increased reactivity common after TBI and/or PTSD may translate to high-risk driving. 
 Clinicians and researchers have acknowledged that degree of functional impairment 
likely increases with increased cumulative TBI/PTSD symptomatology, yet few studies have 
objectively evaluated the effects of these symptoms on driving. Given the high prevalence of 
TBI/PTSD diagnoses in post-9/11 Veterans, the importance of driving to Veterans’ 
independence and community reintegration, and the unique role that driving occupies in post-
9/11 warfare, it is an area that deservers further examination. 
2.2.3. The interaction of combat driving and TBI/PTSD symptomatology 
 Many post-9/11 Veterans began reintegrating to civilian life while still learning to cope 
with trauma specifically related to driving. Moreover, their driving-related combat trauma often 
involved exposure to blast, mortars, rockets, small-arms fire, and/or vehicle crashes, all of which 
heighten risk of concussive events. Veterans diagnosed with PTSD may therefore be more 
likely to directly associate their distress with roadside stimuli, further strengthening the unique 
conditioned relationship between cues and combat driving responses.  
 This hypothesis is supported by prior self-report data showing that post-9/11 Veterans 
with PTSD are more likely to report aggressive driving (Amick et al., 2013) and more persistent 
driving problems (Lew et al., 2011), and are four times as likely to report anxiety and 
hyperarousal on the road as those who screen negative for PTSD (Zinzow et al., 2013). Anxiety 
on the road was positively correlated with PTSD symptoms and certain situations reportedly 
increase anxiety, such as being tailgated or boxed in by other cars (Zinzow et al., 2013). 
Similarly, self-report data collected from Veterans diagnosed with with TBI and PTSD revealed 
three categories of driving “triggers” that provoke combat driving reactions: anxious driving 
triggers (e.g., loud noises), speeding triggers (e.g., inattention), and road rage triggers (e.g., 
getting cut off; Hannold et al., 2013).  
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 The current project team previously examined the relationship between specific driving 
scenarios and increased anxiety among Veterans with comorbid diagnoses of TBI and PTSD 
using a novel self-report measure (Whipple et al., 2016). We found that Veterans with TBI/PTSD 
reported significantly higher levels of anxiety in specific roadside environments and endorsed 
more frequent risky driving behaviors than Veteran controls. Driving environments that 
incorporate the physical proximity of other cars or objects (particularly potholes, overpasses, 
debris, and guardrails) appeared to be associated with danger cues and the expectation of 
attack. These salient combat stimuli appear to heighten anxiety and induce defensive or 
offensive driving behaviors in Veterans, even months or years after returning to civilian driving 
environments. These data are supported by the USAA’s Driving Safety Report of 2012, which 
found that accidents caused by “objects in the road” increased more dramatically after 
deployment than any of the other 12 causes tracked by USAA (USAA, 2012).  
 Collectively, these self-report data support the theorized casual relationship between 
heightened anxiety and increased risk for driving errors, and are further strengthened by several 
recent simulator studies which show that 1) Veterans commit more simulated driving errors and 
have poorer driving records than civilians, and 2) increased number of driving errors are 
associated with increased PTSD severity (Amick et al., 2013; Classen et al., 2011, 2014). Taken 
together, it appears that post-9/11 Veterans experience more driving difficulties than civilians; 
that PTSD and TBI symptoms are associated with driving difficulties in both civilian and military 
populations; and the increased severity and prevalence of comorbid TBI/PTSD diagnoses in the 
post-9/11 Veterans population may further heighten the risk of driving errors.  
2.2.4. The physiological correlates of chronic stress 
 In the clinical treatment of anxiety, self-reported distress levels are often utilized to 
assess fluctuations in an individual’s internal experience of stress. For example, a patient may 
be asked to verbalize their distress on a scale of 0 to 100 every few minutes while recounting a 
traumatic memory. These Subjective Units of Distress Scale (SUDS; Wolpe, 1958) ratings can 
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be used to guide the pace and intensity of treatment (Frueh, Grubaugh, & Elhai, 2012) or as a 
measure of change in research settings (Gallagher & Resick, 2011). SUDS ratings are therefore 
viewed as a proxy for the strength of an individual’s emotional response to an event or memory 
(Rauch & Foa, 2006).  
 Though the literature base is sparse, it has also been demonstrated that individuals with 
PTSD may be identifiable via unique patterns in physiological measurements of heart rate, 
blood pressure, and skin conductance (Orr & Roth, 2000). Evidence for heightened 
physiological reactivity in individuals with PTSD has been demonstrated for both civilian and 
military populations, most notably in the measurement of skin conductance and heart rate 
(Cohen et al.,1998, 2000; McDonagh-Coyle et al., 2001; Pitman, Orr, Forgue, De Jong, & 
Claiborn, 1987). This elevated physiology is suggestive of autonomic nervous system 
dysfunction and it has been theorized that individuals with PTSD demonstrate excess 
sympathetic nervous system activity (e.g., flight or fight) and/or ineffectual parasympathetic 
activity (e.g., rest and digest) (Cohen et al., 2000; Vermetten & Bremner, 2002). As a result of 
autonomic dysfunction, individuals with PTSD may differ in heart rate variability responses to 
stress, in comparison to healthy individuals (Tan, Dao, Farmer, Sutherland, & Gevirtz, 2010).  
 With the goal of discriminating Veterans with more severe PTSD symptoms from those 
with minimal/less severe PTSD symptoms using physiological variables, the properties of each 
measure should be carefully evaluated before selecting the most appropriate variable of 
interest. Skin conductance (SC; also known as galvanic skin response) and heart rate (HR) are 
generally reliable in the sense that individuals with PTSD show heightened SC/HR reactivity to 
trauma cues (Blanchard, Hickling, Taylor, Loos, & Gerardi, 1994; Marx et al., 2012). However, it 
has been demonstrated that specificity of cues is an important determinant of reactivity, and 
trauma cues that are nonspecific to an individual’s experiences do not elicit the same distress 
as cues related to their index trauma (Orr & Roth, 2000). Thus, in a setting where cues can be 
uniquely selected to match an individual’s index trauma (e.g., script driven imagery), SC and HR 
11 
 
are good variables of interest; in a standardized assessment protocol that utilizes the same 
cues for each participant, pre-selected triggers may not be specific enough to elicit heightened 
reactivity from all individuals (Pitman et al., 1987).  
 Standardized protocols should rely on a physiological measure that may accurately 
differentiate individuals across the spectrum of PTSD symptom severity regardless of the 
specific cues presented. In these cases, heart rate variability (HRV), alternatively know as 
cardiac interbeat intervals (IBI) and RR intervals, has the strongest (though still limited) 
evidence base (Cohen et al., 1998, 2000; Cooper, 2012; Green et al., 2016; Tan et al., 2010). In 
simplest terms, heart rate variability is the time between peak amplitude of each heartbeat. In 
healthy individuals, HRV is constantly changing with each inhale and exhale. As a result of the 
dysfunctional autonomic processes described above, individuals with severe PTSD may present 
with lower HRV than healthy comparison groups because low HRV is indicative of an inflexible 
autonomic nervous system (Minassian et al., 2015). In other words, because an individual with 
PTSD is highly reactive and overly stimulated, the amplitude of his or her heart rate’s regulatory 
“push-pull” variability may be decreased at resting state. In a standardized assessment, you 
may expect depressed HRV to correlate with increased PTSD severity regardless of stimuli 
presentation. Conversely, given the restricted sampling window of these data, it could be argued 
that individuals with more severe PTSD would be more physiologically reactive in response to 
stimuli, particularly if they are being compared to individuals with minimal symptoms of PTSD 
who are not stressed and therefore non-reactive.      
 The association between objective and subjective distress measures in PTSD is still 
unclear. Physiological indicators of stress have been shown to be concordant with subjective 
distress ratings in Veterans (Marx et al., 2012) and civilian motor vehicle accident victims 
(Blanchard et al., 1994); conversely, similar projects found little to no correspondence between 
subjective and objective distress ratings during trauma imagery among victims of childhood 
sexual abuse (McDonagh-Coyle et al., 2001) and police officers with trauma history (Pole, 
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Neylan, Best, Orr, & Marmar, 2003). Given this uncertainty, we collected multiple measures of 
objective and subjective distress with the goal of gaining a robust record of fluctuation over time. 
2.3. Justification for present study  
 In sum, prior research findings indicate that TBI, PTSD, and military training all 
contribute to increased risk for driving risk in the Veteran population. However, there is 
insufficient evidence to enable discrimination between the relative effects of anxiety, cognitive 
deficits, and combat experiences to Veterans’ driving performance. Building on our previous 
study, the proposed work addressed this need by concurrently measuring driving behaviors and 
anxiety while simultaneously accounting for psychiatric symptomatology, cognitive abilities, and 
combat history. We compared changes in driving performance and arousal/anxiety measures 
across two groups of post-9/11 combat Veterans, those with and without TBI/PTSD, and across 
two driving conditions, baseline and challenge. 
3. Method 
3.1. Participants  
3.1.1. Overall sample.  
 We initially planned to recruit 64 post-9/11 Veterans between the ages of 18 – 55 from 
the Corporal Michael J. Crescenz VAMC (CMCVAMC; formerly Philadelphia VAMC), half with 
pre-existing diagnoses of comorbid TBI/PTSD and half without either diagnosis. However, after 
further consideration we decided to measure current symptomatology at the time of study visit 
and use continuous measures of symptom severity in analyses. Use of continuous data granted 
1) more confidence in the accuracy of our diagnostic classifications, and 2) additional statistical 
power with the use of mixed effect linear models (as compared to traditional mixed-model 
ANOVAs; Baayen, Davidson, & Bates, 2008). 
 Inclusion criteria: 
• Individuals between the ages of 18 – 55.  
• Possession of a valid driving license prior to deploying. 
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o Participants did not have to be defined as active drivers at the time of study visit, 
however, as many Veterans with TBI/PTSD self-restrict driving.  
• Post-9/11 Veteran status (i.e., deployed to combat in the service of The Global War on 
Terror after 9/11/2001).  
 Exclusion criteria:  
• Deployment only to previous combat theatres (e.g., Bosnia, Vietnam).  
• Veterans who required adaptive driving equipment.  
• A history of alcohol/substance abuse and/or suicidality within the past 30 days. 
• A history of motion sickness. 
3.1.2. Combat Veterans without TBI/PTSD 
 Additional exclusion criterion: 
• Any significant neurological, psychiatric, or medical history. 
3.1.3. Combat Veterans with TBI/PTSD 
 Additional inclusion criterion: 
• The presence of clinically significant TBI and PTSD symptoms. 
o Initial screening was based on a review of CPRS (i.e., positive TBI and PTSD 
symptomatology were noted by past CMCVAMC medical providers).  
o Current symptomatology was assessed at study visit with the PCL-M (Weathers, 
Huska, & Keane, 1991) and Rivermead Post-Concussive Symptom Questionnaire 
(RPCSQ; King, Crawford, Wenden, Moss, & Wade, 1995; described below).  
o Following recommendations for military samples, a minimum score of 50 on the PCL-
M was considered the cut-off for a positive PTSD diagnosis (Hoge & Warner, 2014; 
Wisco et al., 2014); data were analyzed in terms of PTSD symptom severity across 
the continuum of PCL-M scores (range = 17-85).  
Additional exclusion criteria: 
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• Any significant neurological or medical conditions unrelated to TBI or PTSD. 
• Veterans who reported only TBI symptoms were excluded. Veterans who reported PTSD 
symptoms were excluded only if their CPRS notes clearly denied a positive history of TBI. 
This looser exclusion criterion was determined to be more suitable for this population 
because all returning servicemembers are assessed for PTSD but not necessarily for TBI. 
As a result, many recently returned Veterans 1) have filed for but not yet had their TBI 
claims processed; 2) initially seek treatment for PTSD and are later assigned a TBI 
diagnosis; or 3) clinically report a history of blast and/or blunt force head trauma without 
officially claiming a TBI diagnosis.  
o Given the possible discrepancy between official diagnoses and presenting 
symptoms, we attempted to control for TBI history in multiple ways including a 
current assessment of symptoms, a review of C&P records, and a clinical interview.  
3.2. Measures.  
Table 1. Measures overview 
Current Symptomatology 
PTSD Checklist- Military Version (PCL-M) 
Chicago Multi-Scale Depression Inventory  (CMDI) 
The Rivermead Post Concussive Symptom Questionnaire (RPCSQ) 
Simulator Sickness Questionnaire (SSQ; administered pre and post-VR exposure) 
Neuropsychological Evaluation 
Trail Making Test A & B (TMT-A, TMT-B) 
D-KEFS Color-Word Interference Test (CWI) 
WAIS-IV Digit Span (DS) 
WAIS-IV Coding (CD) 
Arousal Loading Tasks 
Veteran Driving Questionnaire (VDQ) 
Deployment Risk and Resiliency Inventory-2 (DRRI-2; selected subscales) 
Auditory Stimuli Identification (ASI) 
Primary Outcome Variables 
Subjective Units of Distress (SUDS) 
Cardiac Interbeat Interval (IBI) 
Driving Simulator Performance 
Variable Name Description Direction for worse performance 
Total Time (seconds) Route completion time +/- 
CoVariation of Speed Speed management and consistency 
(Vstd/Vavg) 
+ 
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Deviation from  Speed 
Limit  
= | Participant Speed – Speed Limit in 
Section | 
+ 
MPH Over = Participant Speed – Speed Limit in 
Section 
+ 
Deviation from Center 
Lane 
Lane management (swerving) + 
# of Lane Busts Discrete value of lane management 
failures 
+ 
 
3.2.1. Current symptomatology.  
 These data were supplemented by a semi-structured background interview that collected 
basic demographic data and deployment details. 
 The PTSD Checklist-Military Version (Weathers, Keane, & Davidson, 2001). The PCL-M 
is a self-report measure that asks participants to rate symptoms from 1 (not at all) to 5 
(extremely). Ratings were summed for a total PTSD severity scale (range 17-85). In clinical 
settings a score in the range of 36-44 is sufficient for a diagnosis; however, a more stringent 
cut-off of 50 is suggested for research in military populations (Hoge & Warner, 2014).  
 Chicago Multi-Scale Depression Inventory (Nyenhuis & Luchetta, 1998). Depression is 
common in PTSD and TBI and can adversely affect performance on memory and attention 
based assessments, but measures of depression can be confounded in medical populations. In 
patients with TBI/PTSD, symptoms that “cross over” might include fatigue, difficulty with 
concentration, poor sleep, and psychomotor retardation (Chang et al., 2003). We therefore 
utilized the Mood Subscale of the Chicago Multiscale Depression Inventory to measure 
depressive symptoms. Participants were asked to rate the extent to which each item describes 
the way they have been feeling over the past week on a scale of 1 (not at all) to 5 (extremely).  
 The Rivermead Post Concussive Symptom Questionnaire (PRCSQ) (King et al., 1995). 
The PRCSQ asks participants to rate the degree to which 16 PCS have been more of a problem 
over the past 24 hours as compared to premorbid levels of functioning, using a Likert scale 
ranging from 0 “not experienced at all” to 4 “severe problem.” Veterans often continue to report 
PCS symptoms years after injury (e.g., photophobia, headaches, noise sensitivity), and many 
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PCS also fall under the hyperarousal cluster of PTSD (Lagarde et al., 2014). We therefore 
calculated two scores for each participant based on King et al.’s original scoring method (1995): 
a total score including all items, and a subscale that accounted for only the first three symptoms 
(headache, dizziness, nausea/vomiting). 
 Simulator Sickness Questionnaire (SSQ) (Kennedy, Lane, Berbaum, & Lilienthal, 1993) 
was used to measure simulator sickness before and after VR exposure. A baseline SS measure 
was important 1) to screen for risk of simulator sickness and 2) to assess for symptoms of SS 
(e.g., headache, eyestrain) already present in participants with symptoms of TBI/PTSD prior to 
VR exposure.  
3.2.2. Cognitive measures.   
 Attention, processing time, visual-motor integration, and working memory significantly 
predict on-road driving performance in a stroke sample (Aslaksen, Ørbo, Elvestad, Schäfer, & 
Anke, 2013) and are affected in Veteran samples with TBI and PTSD (Vasterling et al., 2012; 
Verfaellie, Lafleche, Spiro III, & Bousquet, 2014). The cognitive domains assessed by the 
measures listed below are both 1) impacted by symptoms of TBI and/or PTSD and 2) 
hypothesized to relate to driving performance in the Veteran population.  
 Trail Making Test A & B (Reitan, 1979). TMT-A assesses simple attention and 
processing speed and has repeatedly been found to be predictive of driving capability (Aslaksen 
et al., 2013). TMT-B adds a cognitive flexibility demand to TMT-A’s structure. 
 Delis Kaplan Executive Function Systems (D-KEFS) Color-Word Interference (Delis, 
Kaplan, & Kramer, 2001) measures processing speed and response inhibition/selection.  
 Digit Span (Wechsler, 2008) measures auditory attention and working memory. Digits 
Forward, Backward, and Sequencing were all assessed, generating three subscale scores and 
one total score. This task also provided us with an embedded measure of effort (Reliable Digit 
Span).  
17 
 
 Coding (Wechsler, 2008) is a sensitive measure of executive dysfunction and requires 
coordination of attention, visuomotor integration, and visual working memory.   
3.2.3. Arousal load tasks.  
 The last measures administered prior to the VR challenge drive were the Veteran Driving 
Questionnaire (VDQ), the Deployment Risk and Resiliency Inventory-2 (DRRI-2), and a novel 
auditory stimuli identification task. These measures were chosen as a standardized attempt to 
increase distress via the presentation of combat cues. The VDQ and DRRI-2 asked participants 
to recall their own combat experiences, while the auditory stimuli task presented neutral stimuli 
hypothesized to increase arousal and anxiety without explicitly cueing traumatic memories. 
Underlying this rationale is the theory that Veterans, unlike most populations with cognitive 
impairment, are not consistently unsafe or dangerous drivers. Instead, they appear to drive 
maladaptively in response to specific internal or environmental conditions. Some examples 
given by prior participants include driving after a fight with a family member or while late to work. 
We could not replicate these exact triggers within the virtual environment so we attempted to 
elicit their emotional, cognitive, and physiological consequences prior to the challenge drive with 
the hope of increasing ecological validity. 
 The VDQ (Whipple et al., 2016) was developed to assess post-deployment civilian 
driving experiences. It asks responders to self-report frequency of behaviors (e.g., speeding) 
and identifiable and distinct emotional states (e.g., irritability) while behind the wheel. It also 
measures the intensity of anxiety in response to common civilian driving environments. All items 
are rated on a five-point Likert scale and subscale and total scale scores were calculated.  
 The DRRI-2 (select subscales; Vogt et al., 2013) was developed for research purposes 
such that each subscale can be administered individually. Items reflect the common 
experiences of post-9/11 military service and we utilized three subscales hypothesized to be 
important for driving safety: Combat Experiences (e.g., “I went on combat patrols or missions”) 
rated from 1 (never) to 6 (daily or almost daily); Deployment Concerns (e.g., “I was concerned 
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that I would encounter an explosive device”) and Training and Deployment Preparation (e.g., “I 
had enough gear to protect myself in case of an attack”), both rated from 1 (strongly disagree) 
to 5 (strongly agree).  
 The Auditory Stimuli Task was a novel paradigm piloted in this study with the goal of 
tapping into the negative cognitive processing bias found in PTSD. Participants were asked to 
listen to and identify five combat-neutral stimuli through noise-canceling headphones. The 
stimuli included recordings of a car engine turning then backfiring, a marketplace in Sao Paulo 
(Portuguese voices are briefly audible), city street traffic, a multi-lane highway under a tunnel, 
and a city crowd. None of the auditory clips are exclusively associated with combat but were 
chosen based on the pilot phase of this project (Whipple et al., 2016), which identified several 
civilian environmental triggers likely to increase distress in Veterans with symptoms of PTSD. 
We expected Veterans with more severe PTSD to interpret these neutral stimuli as threatening 
despite the relative safety of their surroundings, while drivers with minimal PTSD 
symptomatology would identify them more accurately (e.g., as unrelated to combat). Veterans 
were not given feedback regarding the accuracy of their interpretations. After identifying all five 
sounds, we also asked participants to identify the sounds that reminded them of combat. We 
expected that Veterans with more severe PTSD would be reminded of combat more frequently 
than those with less severe PTSD.  
3.2.4. Physiological arousal and subjective distress. 
  In the context of our standardized protocol, we operationally defined physiological 
arousal as autonomic nervous system dysfunction measured by variability in cardiac interbeat 
interval (IBI). Anxiety was defined as self-reported ratings of distress measured by the SUDS. 
 IBI was collected continuously throughout the study session via the Empatica E4 
wristwatch, an unobtrusive wearable tracker originally designed to detect epileptic seizures via 
continuous measures of electrodermal activity, heart rate, blood volume pulse, movement, and 
temperature (Bidwell, Khuwatsamrit, Askew, Ehrenberg, & Helmers, 2015; Dolgin, 2014; Poh, 
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2011; Poh et al., 2012). The E4’s forearm sensors have been validated against the FDA-
approved system for EDA measurement (the Flexcomp; Poh, Swenson, & Picard, 2010), and 
have been shown to reliably discern emotional-physiological responsivity (van Dooren, de Vries, 
& Janssen, 2012). In addition to seizure detection and classification, prior research with this 
sensor includes a pilot protocol that used E4’s real-time physiological data streaming as 
biofeedback to manage stress while driving (Hernandez et al., 2014). One of the most appealing 
traits of the E4 is that it does not disrupt finger or hand function. In the current protocol, the E4 
was secured to participants’ non-dominant wrists to reduce interference on motor tasks. 
 In addition to heart rate variability’s robustness as a biomarker of PTSD, Empatica’s 
unique IBI algorithm supports its 
use as a primary physiological 
outcome. In the Empatica software 
system, IBI is a specific HRV value 
computed by examining 
photoplethysmography (PPG; 
blood volume pulse) data in the 
context of motion artifact 
(accelerometer; ACC) using both green (PPG) and red (ACC) light. The red light is used to 
measure and account for global motion of the device and internal motion of tendons below the 
skin, either of which may reduce accuracy of HRV values. Empatica’s algorithm identifies and 
discards irregular PPG peaks that appear corrupted by motion artifact, resulting in more reliable 
and fine-grained IBI data. While this algorithm is useless under conditions of large and repetitive 
movements (e.g., running), it is highly sensitive to HRV over time under controlled low-
movement conditions.   
 SUDS served as the measure of participants’ subjective distress. At the beginning of the 
session the examiner discussed the 0-100 point rating scale with each participant, providing a 
Figure 1. Empatica IBI algorithm 
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handout of SUDS anchor points as a reference. Participants were asked to rate their SUDS at 
nine points throughout the session. The final SUDS measure was also used as a safety check. 
Participants who were highly reactive during the protocol were asked to remain with the 
examiner until their distress levels returned to baseline.     
3.2.5. Driving simulator assessment 
 We utilized the Virtual Reality Driving Simulator (VRDS) developed by Digital Media 
Works, Inc. and Drexel University. The VRDS was designed to be a clinically accessible 
simulator, so it relies on commercially available software and hardware and does not require 
specialized training or large space. The simulator uses real-world dynamics and a variety of pre-
programmed driving scenarios. Driving input is provided via a commercially available steering 
column and foot pedals and three monitors provide visual feedback to the participant. The 
virtual environment consists of five different driving environments: a rural road, a divided 
highway, a commercial area, a residential area, and a school zone. These zones were 
specifically selected from clinical driving specialists to reflect real life driving situations. Within 
each zone, driving scenarios were triggered to increase the demands on the driver. 
Figure 2. VRDS environment 
 
 VRDS dependent variables are computed continuously throughout each drive and 
represent different aspects of driving. Overspeeding, lane management, speed consistency, and 
overall time to route completion were considered primary driving performance variables as 
suggested by prior literature (Amick et al., 2013; Classen et al., 2011; Kraft et al., 2010). The 
VRDS provides summary statistics for these variables within pre-determined road segments and 
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performance in non-event segments were compared across drive conditions and PTSD severity. 
With the goal of studying “pure” driving performance, only data from identical non-event 
segments across drive conditions can be compared. If data from event segments are compared 
across drives, any variation in performance may be better accounted for by response to triggers 
instead of the individual’s driving ability.  
3.3. Recruitment and study session 
 Subjects were recruited from the CMCVAMC, an acute referral center for Veterans in 
eastern Pennsylvania, Delaware, and Southern New Jersey. More than 90,000 Veterans are 
enrolled in the CVCVAMC system (U.S. Department of Veterans Affairs, 2011), and around 200 
are being actively case-managed at any given time by the Polytrauma team. We utilized two 
main methods of recruitment: 1) eligible participants were identified via CPRS and mailed a 
letter of invitation, and 2) recruitment fliers were posted around the CVCVAMC clinics and 
distributed via the Post-Deployment Social Work initial interview groups.  
 Interested participants were informed of the study purpose and inclusion/exclusion 
criteria over the phone then scheduled for one study session at the CMCVAMC. Several 
measures were mailed to participants to be completed in advance of the session if time allowed; 
otherwise, participants completed them in-session following the first SUDS measure. We fitted 
participants with the E4 wristband at the beginning of each session to capture continuous 
physiological data for the session’s entirety. Baseline data collected during the first 20-30 
minutes (informed consent, questionnaires, background interview) allowed ample time for 
individual data normalization. After the background interview, participants practiced driving on 
the simulator (Training Drive) then drove the full route without challenges (Baseline Drive). They 
next completed the cognitive measures and were offered a short break. The second half of the 
session consisted of the arousal loading tasks followed by the Challenge Drive.  
3.3.1.  Challenge drive 
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 In the challenge drive condition, several stimuli were added to the baseline drive route to 
increase driving demand. Standard environmental additions included oncoming traffic, cars 
parked in the residential and commercial zones, pedestrians standing near the road, a school 
bus stop/pedestrian crosswalk, and a car running a red light. Additional complex scenes that 
required the participant to respond quickly and appropriately included a truck entering the 
highway, a highway construction zone and lane closure, a boy chasing a ball into a street, and a 
parked car suddenly pulling out in front of the participant. Additional auditory stimuli included an 
oncoming ambulance honking at a railway crossing; a helicopter circling overhead during the 
highway segment; and a car backfiring in the commercial zone. SUDS were taken following 
each of the auditory stimuli; the examiner did not otherwise engage with the participant during 
the drives. Following the challenge drive, participants were asked to give feedback on their 
perception of the simulated driving paradigm including 1) a self-rating of their performance; 2) a 
rating of simulator immersion; 3) proportion of time they were thinking of their combat 
experiences; and 4) which (if any) auditory stimuli reminded them of combat.  
 An outline of the session protocol can be seen below in Figure 3. Each session lasted 
between 2.5 – 3 hours. The driving route takes approximately 22 minutes to complete if speed 
limits are observed. A map of the VR environment, placement of challenges, and SUDS timing 
during the challenge drive can be seen in Figure 4. The order of assessment remained 
consistent across participants to control for the influence of anxiety on performance. All 
participants were debriefed and compensated $75 at the end of the session.  
Figure 3. Protocol outline 
Measure IBI Segment 
□ Informed Consent 
□ #1 SUDS 
□ Collect or complete  
  □ PCL-M 
  □ RPCSQ 
  □ SSQ pt 1 
  □ CMDI 
□ Participant Background Form 
Informed Consent 
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□ Pre-SSQ 
□ Training Drive  
□ Baseline Drive 
□ #2 SUDS 
Baseline Drive 
□ TMT A&B 
□ SDMT 
□ Color-Word Interference  
□ Digit Span  
□ #3 SUDS  
□ Break 
Neuropsych 
□ #4 SUDS 
□ Veteran Driving Questionnaire 
□ DRRI 
□ Auditory Stimuli Identification 
□ #5 SUDS 
Arousal Loading Tasks 
□ Challenge Drive 
□ Honk / #6 SUDS 
□ Helicopter / #7 SUDS 
□ Car Backfire + Pullout / #8 SUDS 
□ Post-SSQ 
□ VR Feedback 
□ #9 SUDS 
□ Debrief, Payment  
Challenge Drive 
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Figure 4. Map of VRDS challenge drive 
 
 
 
 
 
 
4. Results 
4.1. Sample 
 Thirty post-9/11 combat Veterans were enrolled from December 2015 to June 2016. 
Though our primary analyses utilized continuous PCL-M scores rather than dichotomous group 
comparisons, demographic data are presented in Tables 2 – 4 across groups for illustrative 
purposes. As suggested by prior research (Hoge & Warner, 2014), a conservative PCL-M cut-
off score of ≥ 50 was used to determine severity of PTSD symptomatology at the time of study 
visit. All participants who exceeded a PCL-M score of 50 reported a history of TBI, and PTSD 
symptom severity was highly correlated with TBI symptom severity (Pearson’s r = .76).   
25 
 
 One Veteran suffered from simulator sickness during the baseline drive and was unable 
to complete the challenge drive. His data were removed from analyses that required complete 
driving data and/or continuous measures of reactivity over time.  
Table 2. Demographic characteristics        
        Group    
      PCL-M ≤ 50 (n = 15) PCL-M ≥ 50 (n = 15)  
Age      32 (5.5)   38 (9.7)  
Gender (M/F)     14/1   14/1 
Education (years)    14.5 (1.9)  14.0 (1.9) 
Months of Military Separation   33.7 (36.7)  40.4 (34.7)  
Handedness (R/L)    13/2   13/2 
Race  
African-American   3   6 
Caucasian    11   8 
Biracial/Other    1   1 
Hispanic/Latino     1   2    
Marital Status  
Single     4   4 
Married     8   9 
Divorced    3   2 
Vocational Status*  
Unemployed/Not in School  1   8 
Full time    12   7  
Part time    2   0 
PCL-M Total Score    34.6 (11.6)       64.3 (6.4) 
RPCSQ 
 3 Item (range: 0 – 12)   2.3  (2.5)        5.9 (3.9) 
 Total (range: 0 – 64)   19.2 (15.4)  40.5 (11.5)      
CMDI—Mood Subscale*   50.5  (8.7)  64.9 (15.0)    
* Fisher’s Exact p  < .05 
 
Table 3. Deployment details          
        Group    
      PCL-M ≤ 50 (n = 15) PCL-M ≥ 50 (n = 15)  
Service Branch^  
Air Force    4   0 
Army     4   6 
National Guard    4   4 
Navy     1   2 
 Marines    2   6  
Rank at Discharge* 
E1 – E3      0   2   
E4 – E6    14   7 
E7 – E9    0   4 
  O1 – O3 / W1 – W3    1   2    
Combat Theatre 
OIF/OND (Iraq)    7   9  
OEF (Afghanistan)   5   3  
OIF/OEF/OND    3   3  
Date Range of Deployment(s) 
2001-2006    2   2    
2006-2013    9   5  
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2001-2013    4   8    
Self-Reported Blast Exposures 
 0     5   0 
 1-4     6   4 
 5+     4   11 
     Blasts While Driving or in Convoy  7   10  
Type of Combat Driving* 
Fast / Aggressively   1   7    
Slowly / Carefully   4   4  
Both     5   4    
 Not Applicable    5   0 
Convoy Position^ 
 Driver     7   14 
 Gunner     4   5 
 Passenger     4   11    
 Not Applicable    5   0    
DRRI-2  
     Combat Experiences    41.5 (16.6)  49.7 (14.3)  
     Deployment Concerns    37.3 (11.2)  44.5 (10.7)      
     Training and Deployment    37.8 (5.8)  34.0 (10.0)  
          Preparation           
* Fisher’s Exact, p  = 0.02 
^Participants served in more than one branch and reported multiple convoy positions throughout multiple 
deployment(s) 
 
 
Table 4. Self-reported perceptions of driving        
        Group     
      PCL-M ≤ 50 (n = 15) PCL-M ≥ 50 (n = 15)  
Changes compared to pre-deployment:  
      Driving Frequency/Amount 
No change    5   2  
More driving post-deployment  6   5  
Less driving post-deployment  4   8 
      Driving Ability 
No change    5   2  
Better driver post-deployment  2   9  
Worse driver post-deployment  3   4 
VDQ Total Score*     179.3 (40.3)  253.3 (49.9)   
Self-rated simulated driving performance   
     in study session (1-10; 10 = best)  7.9 (1.4)  7.3 (1.6)   
 *independent samples t-test, p < .01 
    
4.2. Method of analysis 
 Means of driving errors were calculated for each quarter mile (QM) of the driving route. 
Errors analyzed included covariation of speed (covSpeed = SD speed / mean speed), absolute 
value of MPH deviation from speed limit (adSpeed), MPH over the speed limit (overSpeed), 
standard deviation of lane positioning (sdLane), and lane busts (LBs). Driving data were 
examined for violations of assumptions and outliers. Distributions for predictor variables were 
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generally normal without gross outliers. Driving data were analyzed with either Welch two 
sample t-tests or multilevel linear models (MLM) fitted with fixed and random coefficients using 
the lme4 package from R Statistical Software Program (Baayen et al., 2008; Bates, Mächler, 
Bolker, & Walker, 2015; R Core Team, 2013). Random effects for subjects were included to 
resolve the non-independence of repeated observations (i.e., assuming intercepts were different 
for each subject). Based on best-fit model comparisons, our base model also specified QM 
segments as random but not fixed factors. Where applicable, estimates of coefficients and 
standard errors are reported for predictor variables from the final model tested. To minimize 
confounding explanations for changes in driving performance across drive condition, only 
driving data from quarter mile (QM) segments that were identical in both the baseline and 
challenge routes were examined in analyses (rural QM 14 – 21; highway QM 37 – 42).  
 Hypothesis 2 analyses were conducted using the lavaan package in R (Rosseel, 2012). 
Lavaan (latent variable analysis) was developed for structural equation modeling with 
continuously observed variables. Within lavaan we compared multiple regression equations 
using maximum likelihood estimations of indirect and direct effects (95% CI).  
4.3. Specific aims and hypotheses 
Aim 1: To examine differences in driving performance between Veteran controls and 
Veterans with comorbid TBI/PTSD.  
Hypothesis 1a: All Veterans will commit more driving errors in the challenge drive condition as 
compared to their own baseline drive. 
 Gross measures of driving performance across drive conditions were first examined. 
Neither total time required for route completion nor total number of lane busts significantly 
differed as a function of drive condition. Next, Welch two sample t-tests were used to examine 
the main effect of drive condition using data from identical QM segments (rural QM 14 – 21; 
highway QM 37 – 42). These comparisons (Table 5) revealed that participants committed 
significantly more errors in the challenge drive as compared to the baseline drive across 
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multiple outcomes including deviation from speed limit (adSpeed rural and highway), 
overspeeding (rural), covariation of speed (highway), and lane management/busts (highway). 
 Closer examination of error type and severity reveals effects of both condition and 
driving environment. Participants had significantly more difficulty maintaining the speed limit in 
the challenge drive as compared to the baseline drive, and they drove faster in the rural 
environment than the highway environment (relative to speed limits). Moreover, the value of 
absolute deviation from speed limit was greater than overspeeding in both drive conditions and 
differences in overspeeding across drive conditions fell to non-significant in the highway 
environment. The magnitude disparity between overspeeding and absolute deviation from 
speed limit (both values measured in MPH) across drive conditions indicates that type of 
speeding error was not consistent across the sample (i.e., instead of overspeeding, some 
participants deviated below the speed limit more significantly in the challenge drive than in the 
baseline condition).  
 
Table 5. Driving errors by condition (n = 29)        
     BD  CD   t  df   p     95% CI   
Total Time (seconds)  1271 1270 0.06 54.3 .95 -54.3 57.5  
Total # Lane Busts   0.48 0.31 0.91 46.8 .37 -0.21 0.56 
Rural Environment  
 covSpeed  0.03 0.03 1.16 439  .25 -0.00 0.01 
 adSpeed  4.08 6.04 -4.19 437 <.01** -2.88 -1.04 
 overSpeed  3.94 5.87 -4.01 437 <.01** -2.88 -0.99 
 sdLane  1.42 1.39 0.63 460  .53 -0.08 0.16 
 LBs   0.48 0.31 0.91 46.8 0.37 -0.21 0.56 
Highway Environment  
 covSpeed  0.02 0.03 -4.30 300 <.01** -0.02  -0.01 
 adSpeed  3.24 5.15 -4.69 324 <.01** -2.71 -1.11 
 overSpeed  0.57 1.39 -1.36 309 0.17 -2.02 0.37 
 sdLane  1.60 2.67 -5.54 224 <.01** -1.45 -0.69 
 LBs   0.55 1.97 -4.24 55 <.01** -2.08 -0.75   
(BD = baseline drive; CD = challenge drive) 
 
Hypothesis 1b: Veterans with higher PTSD symptomatology would show a greater increase in 
driving errors from the baseline to the challenge drive than Veterans with lower 
symptomatology. 
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 MLM was used to examine the main effect of PTSD severity on driving errors. Each of 
these models included the main effect of PTSD severity (continuous PCLM scores), the 
covariate drive condition, and random effects of QM and subject. We first examined interactions 
between PTSD severity and drive type on each outcome variable, followed by main effect 
analyses if appropriate (e.g., if interaction terms were non-significant).  
 Total time required to complete each drive did not significantly differ as a function of 
PTSD severity, but a visual inspection of the data revealed that total drive appeared more 
heteroskedastic (i.e., variable) as PTSD severity increased. Total drive time residuals were 
calculated in order to better capture this variability and variability in total drive time across drive 
conditions and PCLM scores were compared within a factorial ANOVA. This analysis revealed a 
marginally significant interaction between PTSD severity and drive condition on total drive time 
variability, F(1,56) = 4.71, p = 0.04. Veterans with more severe PTSD demonstrated more 
variability in total driving time across both drives than Veterans with fewer symptoms of PTSD, 
and variability in total time increased in the challenge condition as PTSD severity increased. 
Veterans with lower levels of PTSD symptomatology showed significantly less variability in time 
required to finish the route, and total time did not differ as a function of drive type. Results are 
displayed below in Figure 5.  
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Figure 5. Total route time.  
 
 Rural Environment. We first examined the effects of PTSD severity and drive condition 
on covariation of speed in the rural environment, revealing a main effect of PTSD severity on 
speed covariation, [SE = .00, t = 2.11, p = .04]. Covariation of speed significantly increased as 
PTSD severity increased, while controlling for drive type. There were no significant effects of 
PTSD severity on absolute value of speed deviation, lane deviation, or number of lane busts in 
the rural environment. 
 Highway Environment. Both PTSD severity and drive condition independently exerted 
significant influence on covariation of speed in the highway environment. As PTSD severity 
increased, so did covariation of speed [SE = .00, t = 5.45, p < .01], and there was greater 
covariation of speed in challenge section than baseline section while controlling for PTSD 
severity [SE = .00, t = 4.64, p < .01]. PTSD severity did not significantly influence lane 
management (deviation or busts) on the highway.   
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Aim 2: To examine the relationship between physiological arousal, subjective anxiety, 
and driving performance. 
Hypothesis 2a: Veterans with higher PTSD symptomatology would show higher subjective 
anxiety (SUDS) and less heart rate variability (IBI) in the challenge drive than Veterans with less 
severe PTSD. 
SUDS Analyses 
 We first examined the effects of time and PTSD severity on changes in reported anxiety, 
treating SUDS ratings 1 – 9 as levels within the variable of anxiety. As expected, there was a 
significant interaction between time and PTSD severity on anxiety ratings across the session, 
[SE = .02, t = 2.62, p < .01]. Of note, the highest level of anxiety reported by Veterans with less 
severe PTSD (i.e., PCL-M ≤ 50) was during the challenge drive (SUDS #8, M = 33.93, SD = 
18.83) and essentially equivalent to the baseline anxiety level reported by Veterans with more 
severe PTSD (i.e., PCL-M ≥ 50; SUDS #1, M = 33.00, SD = 15.26). 
Figure 6. SUDS over time 
Next, the three SUDS ratings collected during the challenge drive were collapsed to represent 
one anxiety rating per participant for the challenge drive, and anxiety ratings were compared 
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across drive conditions. All participants reported significantly higher anxiety in the challenge 
drive (M = 42.11, SD = 23.51) than the baseline drive (M = 29.8, SD = 18.82; t(28) = 3.12, p < 
.01, 95% CI = [4.25, 20.47]. We next added PTSD severity to this model, which revealed an 
additional main effect of PTSD on anxiety [SE = .13, t = 5.27, p < .01], but no interaction 
between drive type and PTSD. Across both drives, as PTSD severity increased, SUDS ratings 
also increased.  
Figure 7. SUDS by drive condition 
 
IBI Analyses   
 In addition to the application of Empatica’s IBI algorithm, raw data for each participant 
were visually inspected for normalcy prior to analyses and corrupted data points were removed. 
IBI sample times were converted to time of day and each IBI data point was classified into one 
of five time blocks: informed consent, baseline drive, neuropsychological evaluation, arousal 
loading tasks, and challenge drive. Block classification was contingent on time of IBI sample in 
relation to study protocol, using pre-determined events within the protocol as bookends for each 
block. For example, any IBI value sampled after the fourth SUDS rating and before beginning 
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the challenge drive was entered into the “Arousal Loading Tasks” block. Recoding into blocks 
allowed us to collapse and compare IBI readings across participants/conditions, with better 
statistical control over the differing number of samples available per participant.  
 A paired samples t-test revealed no significant change from mean IBI in the baseline 
block (M = .86, SD = .10) to challenge drive block (M = .85, SD = .10; t(28) = 0.92, p = 0.37, 
95% CI [-0.02, 0.05]). We next calculated the root mean square error of variation (RMSE) 
around the slope of IBI change over time for each individual (for a fuller explanation on RMSE, 
see Chai & Draxler, 2014). The effects of PTSD status and driving blocks on IBI RMSE were 
then compared using a mixed ANOVA, revealing a significant interaction of PTSD and block on 
IBI variability, F(1,56) =  3.98, p = .05. A conservative post-hoc analysis was non-significant 
across comparisons but demonstrated that the effect of PTSD status on IBI variability was 
strongest within the challenge block.  
 Closer examination of IBI variability within the challenge drive block revealed an 
unexpected effect of PTSD. Veterans with clinically significant PTSD (i.e., PCLM score ≥ 50) 
demonstrated higher IBI variability during the challenge block (M = 0.18, SD = .05) than the 
baseline block (M = .15, SD = .03; t(26)= 2.44, p = 0.02, 95% CI [0.01, 0.07], while Veteran 
controls did not show a significant difference in IBI variability between baseline (M  = 0.16, SD = 
.04) and challenge blocks (M = 0.15, SD = .05; t = -.43, df = 24.65, p = 0.67, 95% CI [-.04, 0.03]. 
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Figure 8. IBI variation by drive condition 
 
Hypothesis 2b: Physiological arousal levels and subjective ratings of anxiety will mediate 
changes in driving performance from baseline to challenge drive. Veterans with more severe 
PTSD will demonstrate more autonomic and emotional processing dysfunction (lower heart rate 
variability and higher levels of anxiety) and therefore worse driving performance than 
participants with less severe PTSD. 
 We first examined the hypothesis that emotional processing dysfunction mediates the 
effect of PTSD severity on driving performance. In other words, we theorized that higher 
subjective anxiety is representative of stress coping inefficiencies, which we in turn 
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hypothesized to be the process variable through which PTSD negatively impacts driving 
performance. Using the lavaan package, we defined PTSD severity as represented by PCLM 
score and specified anxiety as the mean of the three SUDS ratings reported during the 
challenge drive. Based on prior analyses we chose covariation of speed during the challenge 
drive as the dependent variable most representative of driving performance. Mediation results 
are displayed below.  
Model 1 Hypothesis: Higher PTSD symptoms (PCLM) result in reduced ability to cope with 
stress (SUDS), which in turn causes poorer driving performance (coVar Speed).  
 
 
 
 
 
 
 
 
 
 
Table 6. Model 1: mediating effects of anxiety on driving performance    
Path  Estimate SE  z-value p-value       95% CI   
c   0.000  0.000  2.229     0.026  0.000 0.001 
a  0.841     0.169     4.974     <.0001  0.510   1.173 
b   0.000     0.000     1.134     0.257  0.000 0.000 
IDE   0.000    0.000   1.106    0.269     0.000 0.000   
total  0.000    0.000   3.995    0.000  0.000 0.001  
 
 While Model 1 was overall significant, an examination of the individual regression 
models revealed an unexpected finding. Contrary to expectations, anxiety did not appear to 
mediate the effect of PTSD severity on driving performance (i.e., the indirect effect was not 
significant). Instead, these data suggested a feedback model (e.g, a reverse causal effect). 
Given these models, the overall mediation model was reformatted such that the mediator and 
predictor variables were exchanged.  
Model 2: Dysfunctional emotional processing (SUDS) results in higher PTSD severity (PCLM), 
which in turn causes poorer driving performance (CoVar Speed).  
PTSD Driving 
a = .68* 
 
 b = .60* 
c = .53* 
Anxiety 
z = 3.995, p <.01 
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Table 7. Model 2: mediating effects of PTSD on driving performance    
Path  Estimate SE  z-value p-value       95% CI   
c   0.000     0.000     1.134     0.257  0.000 0.000 
a  0.547     0.110     4.974     0.000  0.332   0.763 
b   0.000     0.000     2.229     0.026  0.000 0.001 
IDE   0.000    0.000   2.034    0.042  0.000 0.000  
total  0.000    0.000   3.330    0.001  0.000 0.001  
 
 We tested the reverse hypothesis (PTSD severity mediates the effect of emotional 
processing on driving performance) using the same operational definitions of each variable. 
While simple correlations between variables remained the same in both models, this reversed 
mediation structure provided evidence for a stronger indirect effect of PTSD severity as 
compared to emotional processing on driving performance. In other words, when subjective 
anxiety was specified as the mediator (Model 1), the direct effect of PTSD severity on driving 
performance remained significant; when PTSD severity was reclassified as the mediating 
influence (Model 2), the direct effect of anxiety on driving was reduced to non-significant. PTSD 
severity mediated the effect of anxiety on driving more significantly than anxiety mediated the 
effect of PTSD. These data suggest that less efficient emotional coping resources result in more 
severe PTSD symptoms, which in turn negatively impacts driving performance.     
Aim 3: To investigate the relative contributions of symptomatology and combat history to 
changes in driving performance. 
Hypothesis 3: Weaker cognitive abilities, higher levels of depression, and more severe combat 
experiences (DRRI-2) will correlate with decreased driving performance.  
 Descriptive data for variables of interest defined a priori were inspected prior to 
conducting exploratory analyses. As reported below in Tables 8 – 9, Veterans with PTSD 
Anxiety Driving 
a = .68* 
 
 b = .60* 
c = .53* 
PTSD 
z = 3.330, p <.01 
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performed slightly below Veterans without PTSD in most cognitive domains but overall 
performance was unexpectedly similar across groups. The only moderately significant group 
difference was in auditory attention (Digit Span), t(28) = 2.08, p = 0.05, 95% CI [0.14,16.52]. 
Overall, these data suggest that differences in cognitive abilities did not significantly influence 
driving difficulties in this sample. As such, the contribution of cognitive abilities to changes in 
driving performance was not further examined in detail. We instead examined the influence of 
additional psychiatric and physical symptomatology that significantly differed across groups and 
were conceptualized to influence driving.  
Table 8. Cognitive performance across groups       
    No PTSD (n = 15)  PTSD (n = 15)       
    M SD T   M SD  T (M)   
Trail Making Test A  25.1  8.6 49  27.7 8.2 49 
Trail Making Test B  61.8 28.3    50  70.5 17.9 47 
Coding    73.4 22.7 52  60.7 11.2 48 
Digit Span*    30.0 6.6   54   28.3 15.8 45      
CWI Inhibit   53.1 19.1 50  66.5 20.3 41     
CWI Switching  63.5 26.8 48  77.7 25.4 40   
* t(28) = 2.08, p = 0.05 
 
 Pearson’s product-moment correlations were used to examine the hypothesis that 
Veterans with PTSD would be more likely to negatively interpret auditory stimuli. Within the 
neutral auditory stimuli identification task, a medium effect size was observed between higher 
PTSD and more frequent interpretation of sounds as combat-related (r = .33). PTSD severity 
was strongly positively correlated with percentage of time Veterans reported they thought about 
their combat experiences during the challenge drive (r = .52) and the number of sounds that 
cued combat recollections during the challenge drive (r = .54). Qualitatively, when asked if the 
sounds reminded them of combat, Veterans without PTSD occasionally reported that they did 
not notice the non-relevant sounds while driving (e.g., the helicopter overhead) and Veterans 
with PTSD rarely missed them. A moderate negative relationship was also demonstrated 
between higher PTSD severity and perceived level of training and deployment preparation (r = -
.37). Taken together, these data suggest that Veterans with PTSD are more likely to attend to 
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neutral stimuli commonly found in civilian driving environments and negatively interpret them as 
combat-related.  
 We operationally defined “depression” as total score on the CMDI Mood subscale with 
the goal of discriminating depressive symptoms from potentially confounding neurovegetative 
symptoms of TBI/PTSD. With this narrowed definition, depressive symptomatology and PTSD 
severity were moderately correlated (r = .51), consistent with expectations. The DRRI-2 Combat 
Experiences subscale was used to measure severity of combat exposure. Higher combat 
exposure was moderately correlated with PTSD severity (r = .47) and TBI symptomatology (r = 
.34). When TBI was defined using only the first three RPCSQ items, the relationship between 
combat exposure and TBI weakened (r = .18).   
 MLM was used to explore the main effects of depression, combat exposure, and TBI 
symptoms on mean covariation of speed in the highway environment. Separate models were 
generated to examine each main effect (continuous scores on the CMDI-Mood, Combat 
Experiences, or RPCSQ-3 scales) with the covariate drive condition and random effects of QM 
and subject. All variables exerted significant influence on speed consistency while controlling for 
drive type. Though predictor variables were not scaled for these exploratory analyses, main 
effects were modeled on the same dependent variable (mean coSpeed) and estimation period 
(highway QM 37 – 42) within the same sample of drivers. Estimates, standard errors, and 
adjusted R-squared values are therefore reported below for model comparison purposes. The 
main effect of PTSD severity is also included for comparison purposes. 
 
Table 9. Exploratory analyses: main effects on coSpeed across drive conditions  
Predictor   Estimate SE  adj R2     
Depression   0.0004  0.0001  0.28   
Combat Exposure  0.0002  0.0001  0.21   
TBI Symptoms  0.0013  0.0004  0.26 
PTSD    0.0000  0.0000  0.43    
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Figure 9. Covariation of speed and depression 
 
5. Discussion 
 The current study concurrently examined driving behaviors, emotional and psychiatric 
symptomatology, physiological stress, combat history, and neurocognitive performance of 30 
post-9/11 combat Veterans. The goal of the study was to examine how differences in cognitive, 
emotional, and psychiatric functioning influenced driving performance across roadside 
environments with varying demands delivered on a virtual reality driving simulator. Our data 
expanded upon findings from prior studies (e.g., Classen et al., 2011) by comparing changes in 
simulated driving performance across two groups of combat Veterans, those with comorbid 
TBI/PTSD and those without significant psychiatric symptomatology. This is in contrast to the 
majority of prior research in this area, which has compared Veterans’ driving behaviors to 
civilian healthy controls.  
 As expected, we found that all Veterans committed more frequent and more severe 
driving errors and reported higher levels of subjective distress in the more challenging driving 
environment. Drivers with PTSD performed worse and reported higher anxiety than those 
without PTSD at baseline, and these disparities increased as driving demand increased. 
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Specifically, increased PTSD severity was associated with 1) more variability in speed 
management and consistency, 2) higher deviation from the mean in amount of time required to 
complete the challenge route, 3) increased heart rate variability, 4) and higher subjective 
anxiety. Drivers with more PTSD symptomatology also 1) were more likely to notice and 
interpret neutral auditory stimuli as threatening, 2) reported more combat exposure, and 3) 
reported higher depression and TBI symptomatology. Interestingly, cognitive profiles were 
similar across PTSD severity levels, discounting neuropsychological deficits as a primary 
explanation of findings.  
5.1. Proposed explanatory framework 
  These findings provide supporting evidence  for  our hypothesis that the cognitive-
emotional-behavioral framework could account for driving difficulties in this population. 
Specifically, Veterans are conditioned to be hypervigilant in regards to certain roadside stimuli 
while deployed to high-risk combat zones and our findings suggest that they continue to attend 
to and interpret those cues as threatening after returning home, which may lead to maladaptive 
emotional, physiological, and behavioral reactions. As predicted, this cue-response relationship 
appears to be more strongly engrained in combat Veterans with TBI/PTSD than those without 
TBI/PTSD.  
5.1.1. The causal role of inefficient emotional coping skills 
 We originally conceptualized the causal relationship between PTSD severity and 
decreased driving performance as mediated by the driver’s subjective anxiety. However, 
comparison analyses demonstrated that PTSD severity appears to mediate the relationship 
between in-the-moment anxiety and driving risk. In broader terms, these data suggest that 
higher SUDS ratings tap into the presence of inefficient or inflexible emotional coping strategies, 
which may be an explanatory factor in the development of PTSD. Individuals who struggle to 
accurately appraise a situation and effectively manage their anxiety may develop more severe 
PTSD, which in turn appears to lead to decreased driving performance.       
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5.1.2. Misallocation of attention 
 The errors in driving variability demonstrated by those with higher PTSD (i.e., 
inconsistent speed management) are commonly related to inattention and distracted driving in 
other populations including novice drivers (Klauer et al., 2014), and have been shown to 
increase crash risk. However, the current sample showed no significant differences in 
attentional resources across PTSD severity level, therefore, attentional deficits cannot explain 
these findings. Distracted driving may help to account for these variations, but traditional 
external sources of distracted driving (e.g., eating, radio tuning, texting) were not available to 
participants in this study protocol. Interestingly, amount of cognitive distraction (e.g., thinking 
about combat experiences while driving; attending to distracting auditory stimuli) did differ 
across PTSD severity level, in keeping with the cognitive processing framework. Veterans with 
PTSD appeared to misallocate their attentional resources towards “threatening” stimuli, thus 
increasing overall cognitive load and distracting themselves from their driving. Further support 
for this interpretation can be drawn from research with individuals with driving phobia, which has 
shown that these drivers have significantly more at-fault crashes (Dula et al., 2010) and engage 
in more subtle anxiety-avoidance strategies (e.g., closing eyes when a truck passes; Taylor et 
al., 2007) than low-anxiety drivers. Maladaptive thought control strategies including cognitive 
distraction are also theorized to decrease the cognitive flexibility necessary for adaptive 
processing (Pietrzak, Harpaz-Rotem, & Southwick, 2011), suggesting a strong link between 
attention misallocation, inefficient emotional coping, and PTSD severity.  
5.2. Importance of both internal and external factors 
 Taken together, these data suggest that post-9/11 combat Veterans with TBI/PTSD are 
a unique population for whom driving performance is conditional on a variable interaction of 
internal and environmental conditions. It can be argued that this is in contrast to the majority of 
previous driving research on populations with cognitive compromise. In most neurological 
populations, changes in driving performance can be primarily attributed to the varying demands 
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of external conditions (i.e., road demands) because cognitive deficits remain relatively stable 
and consistent within individuals. For example, a woman suffering from slowed processing 
speed due to multiple sclerosis may be able to safely navigate a low-demand familiar 
environment but become more at risk as environmental complexity increases. Her ability to 
process incoming stimuli will not change in response to an environment, but may simply 
become overwhelmed as the amount of stimuli increases. In this sense, the relationship 
between individual status and driving performance can be somewhat predictable—behind-the-
wheel performance suffers when individual resources decrease and/or external demands 
increase. Our findings suggests that for Veteran drivers with TBI/PTSD, this relationship 
appears complicated by idiosyncratic factors that are inconsistent within individuals and across 
the population. A Veteran’s functional driving safety may actually fluctuate in response to 
changes in both internal (e.g., anxiety) and external (e.g., surrounding environment) factors. 
5.3. Clinical implications 
 Our VRDS challenge paradigm appeared to successfully elicit distress and changes in 
driving performance for Veterans at risk of driving difficulties, reinforcing the clinical utility and 
ecological validity of VRDS. Specifically, this technology may be a feasible and effective tool for 
developing novel interventions or driver retraining paradigms. In examining the types of driving 
difficulties that may serve as direct treatment targets, it is interesting to note that the pattern of 
errors was not consistent or predictable across the sample. Some Veteran drivers with PTSD 
responded to increased stress and environmental demand by slowing down significantly below 
the speed limit, while others tried to “flee” the danger as quickly as possible. Clinically, these 
data are in keeping with anecdotal evidence and suggest that a “one size fits all” model for 
predicting risky behaviors behind the wheel may not be reasonable in this population. Instead, 
post-9/11 Veterans may respond to increased distress by engaging in the specific combat 
driving behaviors they utilized while deployed, or they may attempt to avoid certain cues or 
situations entirely using both cognitive and behavioral avoidance strategies. Any of these self-
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protective responses may actually increase driving errors and crash risk. Moreover, Veterans 
may report high levels of driving-related distress while simultaneously reporting that their driving 
abilities are sound. They often appear to find the act of driving both distressing and comforting, 
because it provides a measure of control. Collectively, these findings highlight the complexity of 
the multiple constructs that contribute to driving performance.    
5.4. Strengths, limitations, and future directions 
 To the best of our knowledge this is the first study to concurrently measure subjective 
and physiological distress, driving performance, cognitive abilities, and psychiatric 
symptomatology in post-9/11 combat Veterans. The current study uniquely contributes to the 
literature through the use of a healthy combat Veteran comparison group. The majority of 
previous driving studies have compared Veterans to civilian controls, confounding 
interpretations. By empirically comparing driving performance across Veterans with similar 
combat training and deployment histories, we were better able to parse out the relative 
influences of psychiatric symptomatology on driving. We examined a broad range of data using 
self-report, interview, physiological, neuropsychological, and behavioral collection methods. 
Driving behavior was objectively measured over time across multiple environmental conditions, 
increasing the sensitivity and ecological validity of measurement.  
 Given the complexity of driving as a construct and the multitude of unobservable factors 
that can influence driving behaviors within a standardized protocol (e.g., individual and 
experimental random effects), the statistical analyses used in this study add a new perspective 
to the current literature base. Our use of multilevel linear modeling provided a deeper 
understanding of the interactive relationships between these variables than has been gained 
through previous group-based analyses of driving performance. We were able to formally test 
for individual and item random effects and use maximum likelihood estimation to generate more 
precise models for comparison, which lends confidence to our results interpretation. Our 
findings also highlight the importance of examining individual variation within driving outcome 
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measures with replicated observations. This approach appears to provide a more fine-grained 
examination of driving performance because it captures the influence of behavioral 
inconsistency, an important determinant of driving safety that often “washes out” in traditional 
group analyses.  
 Despite these strengths, our study was limited by the nature of recruitment in the 
CMCVAMC. Though we attempted to recruit a broad sample within the confines of our 
inclusion/exclusion criteria, our participants did demonstrate pre-existing group differences in 
demographic factors including current employment status, military rank at separation, and 
amount of time spent driving or in convoy while deployed. Future analyses should control for 
these factors, particularly specific combat variables such as position in convoy. Interpretation is 
also limited by the inherently messy clinical presentation of Veterans with comorbid TBI and 
PTSD diagnoses. While we attempted to control for these confounds via the use of current 
symptomatology indices, several Veterans without PTSD still reported a history of blast 
exposure and convoy-related trauma, and many of our participants were prescribed medications 
that might have affected physiological readings.  
 In regards to methodology, our data were limited because we attempted to create a 
comprehensive yet efficient battery that limited participant time burden and risk of fatigue. Given 
TBI-related sensory impairments, however, this study may have benefited from an objective 
assessment of visual attention and processing. Another methodological limitation was that we 
could not counterbalance the order of drive condition across participants because we had to 
control for the effects of anxiety on driving. Therefore, performance during the challenge drive 
may have been vulnerable to practice effects (e.g., familiarity with the simulator route). 
Qualitatively, several participants reported boredom and impatience when driving uneventful 
segments of the challenge route because it was a repeat of the baseline route, and others 
commented on the lack of radar and police enforcement within the simulation. While we 
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specified subject and experiment random effects in our models, unobserved practice effects 
may still have confounded our findings.  
 The interpretation of our mediation models is also limited by the inherent structure of 
traditional regression-based mediation analyses, which require some collinearity between 
predictor variables and assign cause and effect conditions to each variable a priori. 
Conceptually, the constructs in our models (PTSD, anxiety, driving performance) do not share 
independent cause-and-effect relationships. Instead, these variables continually exert reciprocal 
effects on each other. Future analyses should therefore attempt to quantify these relationships 
through the use of structural equation modeling in place of regression-based mediation (i.e., 
specify the mediator as the manifestation of a latent construct).  
 Regarding the VRDS data, the results presented in this paper are only one small subset 
of driving-related outcomes to be examined. Future analyses should examine driving behaviors 
within more specific environments that are likely to cue combat responses (e.g., the highway 
construction zone). Reaction time, steering, braking, ability to handle curves, and turning and 
stopping behaviors should also be examined. An examination of driving behaviors across 
specific PTSD clusters (e.g., dissociative versus hypervigilance symptoms) may also be 
clinically useful.  
 Finally, future research should include the benefits of utilizing this driving paradigm and 
these data to develop clinical interventions for driving-related distress in Veterans. The VRDS 
does appear to be effective in approximating the demands of driving for a Veteran along with an 
objective measure of driving performance for a clinician, and would thus lend itself to an 
exposure-based treatment program that assesses for change over time.   
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